Abstract. Substrates of treatment wetlands, which were constructed at an operational lead-zinc mining facility (Tara Mines) in Ireland, were analysed over a 5-year period for metal content. Lead, zinc, iron and sulphate were removed from wastewater passing though the treatment systems and were significantly retained in the substrates. The degree to which these contaminants are bio-available depends on the biogeochemical conditions of the substrates, namely the pH, redox potential, amount of organic carbon present and the contaminant loading. Various sediment fractions (water-soluble, exchangeable, carbonate-bound, organic matter-bound and residual) were also analysed in these treatment wetlands, in order to estimate the fate of metals and sulphur over time. Results showed that the majority of metals and sulphur were retained in immobile residual forms, principally as metal-sulphides. Furthermore, the neutral-alkaline pH and reducing biogeochemistry of the treatment systems suggest that metals are not toxic under these conditions. 10 11  12  13  14  15  16  17  18  19  20 
Introduction

22
Mining activities produce wastewater with elevated concentrations of metals and 23 sulphate (Younger et al., 2002) . These contaminants usually exceed discharge lev-24 els stipulated in the legislation (Novotny, 1995; O'Leary, 1996) and can be toxic 25 to a variety of organisms (Allan, 1995; Gao and Bradshaw, 1995) . Heavy met-26 als can interact with the sulphydryl groups of amino acids (Salt et al.,1995) and 27 subsequently interfere with enzyme functioning and oxygen-binding processes in 28 organisms (Kelly, 1988) . Elevated sulphate concentrations can induce eutrophi-29 cation as a consequence of anion (e.g. phosphorus) displacement (Perkins and 30 Underwood, 2001), while sulphide can be toxic to fish communities (Broderius 31 and Smith, 1977) . Therefore, these contaminants are treated to render them less 32 mobile and relatively unavailable for uptake by organisms. 33 One technology employed for treating wastewater derived from mining is the 34 use of treatment wetlands (Hammer, 1989; Kadlec and Alvord, 1989; Moshiri, The majority of these wetlands are built to remediate waters impaired by aban-37 doned acid mine drainage (Hedin et al., 1994 ; Nairn and Mercer, 2000; Gusek 38 and Wildeman, 2002), while only a few have reported treating wastewater from 39 active mines (Dunbabin and Bowmer, 1992; Eger, 1994; O'Sullivan et al., 2003) . 40 Treatment wetlands have improved substantially since their initial designs and rely 41 on biogeochemical processes to remediate the wastewater (Huntsman et al., 1978 ; 42 Wieder and Lang, 1982; Hedin et al., 1994; Gusek and Wildeman, 2002) . Since 43 heavy metals cannot be chemically degraded, microbial remediation (principally 44 though immobilisation) is employed (Salt et al., 1995) . Under low (reducing) re-45 dox conditions, sulphate-reducing bacteria (SRB) can reduce sulphate to highly 46 reactive sulphide (Tate, 1995; White and Gadd, 1996) . Metal cations will bind 47 with sulphide anions forming precipitates of metal-sulphides (Allen et al., 1993 ; 48 Yu et al., 2001 ). Thus, both sulphate and metals can be removed from solution. 49 However, these contaminants can also be removed from the water by other mech-50 anisms such as adsorption and co-precipitation, depending on the biogeochemical 51 status of the substrates (Fortin et al., 1995; Wood and Shelley, 1999 ; Chagué-Goff 52 and Rosen, 2001; Yu et al., 2001 ). While vegetation is important for renewing the 53 carbon supplies of metabolising bacteria (Dunbabin and Bowmer, 1992) , it is the 54 substrates where the majority of contaminants accumulate (Machemer et al., 1993 ; 55 Wood and Shelley, 1999). The extent to which metals are available for biological 56 uptake depends on the substrate redox conditions and pH (Gambrell et al., 1991 ; 57 Lefroy et al., 1993) , the organic matter content and sulphate concentration (Miller 58 et al., 1983; Wood and Shelley, 1999; Yu et al., 2001 ), which in turn can be affected 59 by the activity of plant roots (Jacob and Otte, 2003) . 60 Although contaminant removal efficiencies for treatment wetlands are reported 61 extensively (Hedin et al., 1994; Gusek and Wildeman, 2002; Younger et al., 2002; 62 O' Sullivan et al., 2003) , there is a dearth of information concerned with the long-63 term fate of the contaminants (Faulkner and Richardson, 1989; Baker et al., 1991 ; 64 Beining and Otte, 1996; Athay et al., 2003) . This is because the technology is 65 relatively new and developing and few systems exist for more than 10 years for 66 which there are extensive data. The study reported here examined the accumulation 67 and speciation of metals and sulphur (Acid Volatile Sulphide (AVS)) in substrates 68 of treatment wetlands at an active mine in Ireland, in order to assess temporal 69 speciation. While these systems have only been in operation for about 5 years, there 70 has already been significant accumulation of metals and sulphur in the substrates. 71 plastic bung, samples were fractionated into increments of 5 cm (with distal ends cut 92 and removed). Each (wet) sample was stored in airtight acid-washed polyethylene 93 bottles, sealed with parafilm TM and kept in a cooler until returned to the laboratory. 94 Samples from 1997-2000 were stored at 4
Materials and Methods
• C, while samples from 2000 were kept 95 frozen until extraction and analysis. The lower storage temperature in the later 96 sampling date was necessary for conducting a sequential extraction analysis.
97
Substrates were oven-dried at 60
• C until constant weight and ground using a 98 mortar and pestle. They were then sieved through a 2 mm aluminium sieve prior to 99 the sequential extraction for metals, viz., water-soluble, exchangeable, carbonate-100 bound, organic matter-bound and residual forms and for Loss On Ignition (LOI). 101 Substrates for Acid Volatile Sulphide (AVS) were retained wet in their original 102 storage containers at 4
• C until analysed. for 2 h, after which the sample was allowed to cool overnight. A 10 ml aliquot of Apparatus for AVS analysis consisted of an analytical train in which hydrogen 175 sulphide gas was liberated from wet substrates immersed in acid (20 % HCl) in 176 a reaction vessel (modified after Allen et al., 1993 ). This gas was trapped as a 177 precipitate in zinc acetate solution (through a series of washbottle flasks) and anal-178 ysed colorimetrically for sulphide (after Cline, 1969 ). Nitrogen gas (0.4 L min −1 ) 179 waspurged through the apparatus to exclude oxygen and therefore prevented re-180 oxidation of sulphide to sulphate (Larosa and Casas, 1996 the pH is of utmost concern as a low pH can significantly increase metal speciation 212 and bioavailability (Allan, 1995) . The treatment systems reported here were clearly
213 not yet reducing during the baseline study with a redox potential of +17.4 mV.
214
Along with low pH, high redox potential can lead to metal and sulphur bioavail- ligands, thereby lowering the stability of metal constants (Schnoor, 1996 . The exception in system 1 at 4.58 years may suggest that the inflow cell has 299 exhausted its capacity to retain metal-sulphides. This is supported by the fact that 300 organic matter required for SRB sulphate reduction was substantially lower here 301 than in the vegetated or outflow cells (Table II) 
Temporal Accumulation of Sulphur
308
Sulphides can exist in various ionic forms, e.g. S 2− , HS − and H 2 S − or be bound 309 to metals and can be quantified collectively as AVS (Allen et al., 1993) . AVS 310 concentrations measured in substrates of the treatment wetlands varied consider-311 ably, ranging between 31 and 106.4 µmol g −1 (Table II) . However, since back-312 ground concentrations typically measure <2 µmol S 2− g −1 (Broderius and Smith, 313 1977), a substantial amount of reduced sulphur accumulated over time through-314 out these treatment wetlands. Machemer et al. (1993) also found in constructed 315 wetlands built to treat mine drainage that AVS concentrations increased with time 316 (40-107 µmol g −1 ) and determined that all sulphide produced was precipitated as 317 AVS. In the Tara Mines systems, hydrogen sulphide gas was evolved in later years 318 (olfactory detection) and so not all of the reduced sulphur was therefore precipi-319 tated as AVS. Although AVS determinations were only conducted once, a significant 320 amount of bound sulphide has accumulated. Furthermore, sulphides appeared to 321 render metal cations relatively unavailable for uptake by organisms in these systems 322 as metal-sulphide precipitates formed (see below). with greater levels in the vegetated cell in the lower (5-10 cm) substrates (Figure 3a ).
336
The same pattern was not seen in system 2 (Figure 3b ). Inflow cells always had 337 greater concentrations of Pb than vegetated or outflow cells (Figures 3c and 3d ).
338
Since Pb is more reactive than Zn, it is likely that it rapidly formed PbS in the inflow is not likely (Allen et al., 1993; Machemer et al., 1993; Wood and Shelley, 1999) . where contaminants can end-up, the various transport paths between these states (narrow arrows; some are bi-directional) and the modes of transport (abbreviated from the key) by which contaminants can travel. Metals are retained in the substrate by adsorption (exchangeable forms) and precipitation (carbonate and sulphide bound forms) as determined from sequential extraction.
U N C O R R E C T E D P R O O F
commonly referred to as Cation Exchange (CE). This explains the greater opportu-391 nity for metal removal by complexing in organically-rich substrates (Miller et al., 392 1983; Chagué-Goff and Rosen, 2001). The CE capacity (CEC) probably increased 393 with time in the vegetated Tara Mines systems due to an increase in organic matter 394 renewed cyclically (Table II) Machemer et al. (1993) in similar treatment wetlands, it may be speculated that most 400 of the contaminants were initially adsorbed relatively strongly to the soil surfaces. 401 Since the substrates were organically-rich and the redox potential was consistently 402 low, it is most likely that contaminants were originally organically-bound. It is 403 possible that exchangeable forms became more strongly bound and or precipitated 404 as the wetlands matured (became progressively more reduced) in accordance with 405 other observations (Machemer et al., 1993) . 406 Predominantly, adsorption and precipitation reactions catalysed the removal 407 of metals and sulphate from the wastewater. This was strongly facilitated by the 408 alkaline pH and reducing substrates (Table II) 
Conclusions
418
Treatment wetlands function by inducing biogeochemical change leading to con-419 taminant removal from the wastewater. Removal of contaminants is determined by 420 dynamic processes including adsorption, absorption and precipitation in substrate, 421 vegetation and water fractions. Sequential extractions can quantify the various 422 metallic forms in substrates and thus, provide an indication of metals available 423 for uptake by organisms (Miller et al., 1983; Sidle et al., 1991; Yu et al., 2001) . 424 The constructed wetlands at Tara Mines were engineered specifically to provide a 425 biogeochemistry conducive to sulphate reduction and subsequent metal-sulphide 426 formation. Although previous results showed significant removal of these con-427 taminants from the water, their accumulation and fate were not fully ascertained. 428 This study found that the majority of contaminants were retained as residual metal 429 forms (e.g. 
